Abstract. In this paper, innovative technique using low-cost recycled steel straps confinement to repair load-induced damaged high-strength concrete (HSC) columns were studied. This paper explains the effects of repairing technique using post tensioning steel straps. A series of experimental test was carried out to investigate the stress-strain relationships of such concrete. A total of 6 HSC columns were compressed 50% of their ultimate strength, then repaired by using steel straps. The proposed repairing technique significantly improved the performance of damaged concrete columns, in both strength and ductility. It was evidenced from this study that the steel strapping confining technique is effective in repairing of damaged HSC columns but ensured reasonable operating costs.
Introduction
Recently, the suitability of using steel straps as confining material has been experimentally investigated [1] [2] [3] [4] [5] . The steel straps used in these studies are recycled steel straps which are commonly used as packing strands for exporting good crates. The benefit of using steel straps as confining material, aside from its cost effectiveness, is it allows post-tensioning confining pressure around concrete which ensure fully effective use of the confining material [6] [7] [8] . As being reported previously, the passive type of confining materials which are activated by the dilation of the concrete, not reaching their ultimate strain at the ultimate failure. This problem is more severe for high strength concrete (HSC) which generally possess lower Poisson's ratio [9] [10] [11] [12] . During the confining works, the steel straps were pulled using tensioner around the concrete up to certain level of strain to ensure even very small dilation of concrete can initiate the confining effects. The confining method using post-tensioned steel straps were evidenced to be effective in increasing the ductility and strength of HSC which is brittle and non-ductile in nature [13] .
The current study extends the state-of-art of confining works using steel straps to repair and rehabilitate damaged HSC. It is believed that the proposed model can provide a robust platform for the engineers, academicians, consultants and building pathologists in the design of such repair works. The use of steel straps is still limited in the industry although the use of steel straps is effective in repairing structure.
Load induced specimen
A total of 6 HSC cylinders with diameter of 100 mm and height of 200 mm were prepared in this study. The targeted concrete compressive strength is 50 MPa with mix proportions as shown in Table 1 . Corresponding concrete cubes were prepared alongside with the specimens for the determination of concrete compressive strength. Based on the analysis of the cube tests, the average concrete compressive strength is 50.27 MPa with standard deviation of 4.6 MPa at the age of 28 days after curing. The specimens were then preloaded to damage the cylinders to simulate the situations where concrete were damaged at 50% of axial load capacity. The damaged specimens were repaired using two different repairing schemes to investigate the differences in their effectiveness. The first scheme is repair using surface grouting only with mortar that has prescribed mix of 1:1:0.5 (cement: sand: water). No attempts to fill the internal crackings to avoid changes in the specimen properties. Second scheme is repair using surface grouting and then confine using posttensioned steel straps. The specimens were confined with different spacing and confinement layers of steel straps to achieve different confining volumetric ratio, ߩ v . The different in spacing and layers of confining steel straps will be addressed in confining volumetric ratio hereafter for simplicity in the design which is more favourable in practical. The details of the specimens are tabulated in Table 2 . 
Steel Wrapping Works
In this study, the spacing between the steel straps were fixed into 10 mm and 30 mm. The specimens were confined with 1, 2 and 3 layers steel straps. Steel straps, tensioner used and confined specimens are shown in Fig. 1 . All confined specimens were confined from end to end to prevent concrete crushing near the load platens.
Load procedure
The compressive strength of the concrete was determined by uniaxial compression test using 'Tinius Olsen' compression machine that has a maximum load capacity of 2,500 kN. All tests were conducted in the Laboratory of structure and materials in Universiti Teknologi Malaysia (UTM). The loading is displacement controlled with constant rate of 0.01 mm/s for all specimens.During the test, the axial load and vertical strains were recorded by an automatic data acquisition through data logger to monitor the stress-strain behaviour of the specimens. The variations of axial strains of the specimen were measured by two 50 mm omega strain gauges attached at both sides of the specimen. The variations in readings between the two omega strain gauges were monitored closely and the testing was stopped immediately in case the variations exceeding 10%, indicating the specimen
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2011 was not aligned in the center of the platen. The specimen was then re-positioned and centered again until the variation is less than 10%. The specimen was monotonically loaded until the specimen failed. Fig. 2 shows the schematic test setup and instrumentations. 
Failure modes
It was observed that all of the specimens failed after the steel straps at approximately midheight of the specimen snapped. All specimens failed in the same manner with disregard of pre-damaged levels. No apparent surface cracks were observed during the initial stage of testing (< 25% of ultimate load). Minor surface cracks were started to propagate at the midspan of the columns and continued to implode in both upper and lower directions when the load increased to the second stage (25% -50% of ultimate load). Thudding sound can be heard at this stage.
The steel straps were observed to prevent the generation of cracks during the third stage (50% -75% of ultimate load). A significant thud sound can be heard when ultimate load is approaching but the columns did not fail due to the confining pressure exerted by the steel straps. At ultimate load, minor concrete crushing and disintegration can be observed at approximately mid-span the repaired columns. The columns still remained intact after the failure. Steel strapping has prevented the columns from crushing and collapsing.
Due to the confinement, the columns did not present abrupt failure as control specimen. Obviously, the specimen confined with higher confining volumetric ratio shows remarkably increase in the ductility. It can also be observed that the concrete cores of specimens with higher pre-damaged level are less intact after failure. This can be due to the pre-damaged has caused existing crack and part of the concrete had already partially disintegrated during the pre-damaging process. Fig.3 shows the failure modes of repaired columns. 
Stress-strain relationships
The stress-strain relationships of repairing concrete is shown in Fig. 4 . In this figure, the axial stress versus axial strain obtained from the average of the reading from two pi-gauges attached at both sides of the specimens. The figure clearly shows the effectiveness of steel strapping in increasing the performance of damaged concrete. However, it can also be concluded that the existing models which did not considered the pre-damaged levels of concrete are not suitable to be used to predict the stress-strain behaviour of repaired concrete. The accuracy of the existing models in predicting the stress-strain relationships of repaired concrete is further discussed in the following section. The nomenclature of the graph is, C50-30-1(+50) means C50-two 50 mm omega strain gauges attached at both sides of the specimen, 30 mm spacing, 1 layer of steel straps, 50% of pre-damaged level. 
Summary and conclusion
A series of experimental studies were performed to investigate the repaired HSC using post-tensioning steel straps confinement. Along the investigation of the behaviour of repaired HSC, several important conclusions which can be drawn are listed follows:
i) The typical failure mode of repaired HSC indicates that the confined HSC failed at the rupture of steel straps resulting immediate loss of confining pressure. Such failure mode is not associated with the variation of confining volumetric ratio or pre-damaged level. ii) Damaged degree is an important factor and needed to be considered in estimating the ultimate strength and strain of repaired concrete. In general, it was found that the ultimate strength reduced with the increase of concrete damaged degree. Whilst the ultimate strain increased with damaged degree. iii) Post-tensioning steel straps confinement increase the rigidity concrete damaged at predamaged levels 50%. 
